OHIO
SIATE

UNIVERSITY |

Simulations of Radar Scattering Over a
Rough Sea Surface

Khalid Jamil and Robert J. Burkholder

The Ohio State University

ElectroScience Laboratory

Department of Electrical Engineering
1320 Kinnear Road
Columbus, Ohio 43212

Final Report 743971-1
Grant No. N00014-03-1-0128
March 2004

Office of Naval Research
Program Officer: James King
Ballston Center Tower One
800 N. Quincy Street
Arlington, VA 2217-5600

Approved for Public Release; Distribution is Unlimited

20040006 113




5027272-101

REPORT 1. REPORT NO. 2.

DOCUMENTATION PAGE

3. Recipient’s Accession No.

4. Title and Subtitle

Simulations of Radar Scattering over a Rough Sea Surface

5. Report Date
March 2004

6.

7. Author(s)
Khalid Jamil and Robert J. Burkholder

8. Performing Org. Rept. No.
743971-1

9, Performing Organization Name and Address

The Ohio State University
ElectroScience Laboratory
1320 Kinnear Road
Columbus, OH 43212

10. Project/Task/Work Unit No.

11. Contract (C) or Grant (G) No.
(C) N00014-03-1-0128

12. Sponsoring Organization Name and Address

Office of Naval Research
Program Officer: James King
Ballston Center Tower One
800 N. Quincy Street
Arlington, VA 2217-5600

13. Report Type/Period Covered
Final Report

14,

15. Supplementary Notes

16. Abstract (Limit: 200 words)

Forward scattering from a 2D rough sea surface is simulated using the Generalized Forward-Backward (GFB) method in a
Monte Carlo fashion. Measurements were performed using a scaled ocean model in the NSWC Carderock Maneuvering
and Sea-Keeping (MASK) wavetank facility. The mean, standard deviation and probability density function (PDF) of
the computational and experimental data is compared and good agreement is found. Backscattering from a floating
target on the rough sea surface is also computed. Results of a new hybrid approach are presented for computing the
backscatter from a target on a rough sea surface by decoupling the target from the surface.

17. Document Analysis

method, Integral equations, Physical optics, Reciprocity, radar measurements.

b. Identifiers/Open-Ended Terms

¢. COSATI Field/Group

a. Descriptors Sea surface, Electromagnetic scattering, Rough surfaces, Radar cross sections, Numerical analysis, Monte Carlo

18. Availability Statement

19. Security Class (This report)

21. No. of Pages

Unclassified 48
20. Security Class (This page) 22. Price
Unclassified

(See ANSI-Z39.18)

See Instructions on Reverse

OPTIONAL FORM 272(4-77)
Department of Commerce




Acknowledgements

The authors would like to express their gratitude to Jerry Smith of NSWC Carderock who
is in charge of the MASK radar scattering experiments. He provided the measurement
data for simulation sets SS000, SS001 and SS002, and provided feedback on previously
submitted simulations of these sets. He also supplied ample information for simulating
the experiments and making comparisons between measurements and simulations.

The material is based upon work supported by the Office of Naval Research under Grant
No. N00014-03-1-0128. Any opinions, findings and conclusions or recommendations
expressed in this publication are those of author(s) and do not necessarily reflect the
views of Office of Naval Research.

il




Table of Contents

Acknowledgements vesnssssnasssene iii
Table of Contents veessssssesssensnssassassssessasassass IV
List of Figures cesessess . veceseessssnssassnssnnssnsssssaeses Vi
List of Tables ....cccccevreceenrcccsccnaccsnns coseseseenes . viii
Chapter 1 Introduction 1
1.1  Generalized Forward-Backward Method..........ccoeiniimiinninimnnieniencciinn 3
1.2 Organization Of REPOTL ......cccuevivrreinininininisnicieicecii s 4
Chapter 2 Experimental Setup ‘ - 5
2.1  Forward Scatter Measurements..........o.coervemuesinsnnseescsesesueninne et saa s 5
2.2 Backscatter MEaSUTEMENLS.....cueureerermrerisiesesiiisseensenssssnssssassessessstsssssisssnsssassnsanes 6
2.3 HydrodynamiCs.......ccoueeeeeeersenemesessmsisessecesis it ssnssss s sssssscscinses 6
2.4  Material Characterization of Sea Water.........ccooovviiniiiiinininneiniecsnncnnnnn, 7
2.5 Statistical PrOCESSING ..coveveceerreecrisiniiiiisniiereienis st 8
Chapter 3 Forward Scattering Simulations .10
3.1  Simulation Set 000 (SS000).......cccceririniiiririmriirnnrseineeee st 11
3.2 Simulation Set 001 (SSO01)......ceeurerrrririiinrirerireeeisssnstss et 13
3.3 Simulation Set 002 (SS002).....ccceerererimeiririrneiienrisssnesss st 15
34  Comparing Numeric PDF to Rice PDF ......ccooiiicininiiiien 17
3.5  Simulations vS. MEaSUIEMENLS........cocvrvrererisiiiniiiisineninnssnesesssisesss s 18
3.6  Hydro Spectrum COMPATISON ......coverrmerrirnisisireseiseessisisisssiisrsss s 21
3.7  Vertical Polarization SImulations ..........cccevverinenriniinninninnencicsesnnnnsns 22
3.8  Long bank simulations.........cccevemrenrmnieninennensnii reveereseeeeeereereanes 24
Chapter 4 Backscatter Simulations . .. 26
Chapter 5 Radar Cross Section Computation using Hybrid Decoupled
Approach . vecssessenssnssnsssssassssasssssassnes 29
5.1  IDETOQUCHION......cveuecrierirerersrresresseserstest st sessest st sbrere e e s as s s et et e sbasbsn et e s e basasnneanets 29
5.2  Reciprocity Formulation for Backscatter Field........cocovveuiminiiniiiiiieininnenne 29
5.3  Backscatter RCS of @ 2D PEC Target.......ccccvviiniinnimnniinenninnnniscessesseennneninns 32

iv




54 INUMETICA] RESUILS......oooveiriiriieiiiiieceeectteeeeeeeneseseessessesssessseessesssessesssesssesssossssnns

Chapter 6 Conclusions.

References




List of Figures

Figure 1.1: Experimental set-up for forward and backscatter measurements over a
TOUEh SE2 SUTTACE. ....covcuiniiiiriciccicii et sesessnsaenes 2

Figure 1.2: Matrix decomposition used in the generalized forward-backward
method. The region 2 matrix is solved directly within the forward-

backward Iteration PrOCESS. ........eveererrererrerrerserurneesessamsessessessersesseseessesessmesenesses 4
Figure 2.1: Experimental sea spectra for 1/10 scale Pierson-Moskowitz ocean
SIMUIALIONS. ...veevviirerrerriririresenressestrsnesssnsr et ss e s e et sseeseeseeentsnssssssessassnas 7
Figure 3.1: Experimental setup for forward scatter measurements over rough sea
SUTTACE. ...vvvererereeteteteertseetesessesssebesesssesesesasssssasesasssesesssssssssssassssssesasenanes e 10
Figure 3.2: Experimental setup for forward scatter measurements over flat sea
SUTTACE. ....eieeeeiiiitenree et e e s s ee s b ae s b saesnessnasnteneessesnnss 11

Figure 3.3: Comparison of forward scatter from flat sea surface (sea state 0)
between GFB computation and analytical solution (geometrical optics)...... 12
Figure 3.4: Forward scatter probability density function (PDF) for sea state 3,

horizontal polarization, Tx height = 5.25m, Rx height = 0.75m. .................. 13
Figure 3.5: Forward scatter probability density function (PDF) for sea state 3,
horizontal polarization, Tx height = 5.25m, Rx height = 1.25m. .................. 14
Figure 3.6: Forward scatter probability density function (PDF) for sea state 3,
horizontal polarization, Tx height = 5.25m, Rx height = 1.75m. .................. 14
Figure 3.7: Forward scatter probability density function (PDF) for sea state 5,
horizontal polarization, Tx height = 5.25m, Rx height = 0.75m. .................. 15
Figure 3.8: Forward scatter probability density function (PDF) for sea state 5,
horizontal polarization, Tx height = 5.25m, Rx height = 1.25m. .................. 16
Figure 3.9: Forward scatter probability density function (PDF) for sea state S,
horizontal polarization, Tx height = 5.25m, Rx height = 1.75m. .................. 16
Figure 3.10: Comparison between numeric PDF and Rice PDF for forward scatter
simulation from rough sea surface..........ccceovvereeinenenciinins 17
Figure 3.11: Comparison between numeric PDF and Rice PDF for forward scatter
simulation from rough sea surface...........ccocvvvviininninnnnc, 18
Figure 3.12: Comparison between simulation and measurements for Simulation Set
SS001 forward scatter simulation from rough sea surface. ..........ccccoveniininns 19
Figure 3.13: Comparison between simulation and measurements for Simulation Set
SS002 for forward scatter simulation from rough sea surface. .........c..c.c...... 20
Figure 3.14: Comparison between Pierson-Moskowitz and measured hydro
SPECIIUINL. ..covevvenvenrnercrnenrneneesssesssessessesessnsasessnensessessessnessesnseesesseosssssnsssesssonsas 21
Figure 3.15: Comparison between simulation and measurements for forward scatter
simulation from rough sea surface..........c.ccoceverevnninninnnnnecs 21

vi




Figure 3.16: Experimental setup for forward scatter measurements over rough sea

SUTTACE. c.veurererireenisestescine et essess et s st s s ssasb st sae e as bbb bbb nenes 22
Figure 3.17: Forward scatter probability density function (PDF) for sea state 5,
vertical polarization, Tx height = 5.25m, Rx height = 1.75m. ..........cccccco.e 23
Figure 3.18: Forward scatter probability density function (PDF) for sea state 5,
vertical polarization, Tx height = 5.25m, Rx height = 1.75m. ..................... 23
Figure 3.19: Experimental setup for forward scatter measurements over rough sea
surface, 1ong bank. ......co.ececveiceniiiincniciccsessneeeaet e 24
Figure 3.20: Forward scatter probability density function (PDF) for sea state 5, long
bank, vertical polarization, Tx height = 5.25m, Rx height = 1.75m.............. 25
Figure 3.21: Forward scatter probability density function (PDF) for sea state 5, long
bank, vertical polarization, Tx height = 5.25m, Rx height = 1.75m.............. 25
Figure 4.1: Experimental setup for backscatter measurements from a non-floating
target over rough sea SUrface ..., 26
Figure 4.2: Backscatter probability density function (PDF) for sea state 3, floating
cylinder, horizontal polarization. ..., 27
Figure 4.3: Backscatter probability density function (PDF) for sea state 3, non-
floating cylinder, horizontal polarization. ...........ceceeveernirrserreneresnsnennceenens 27
Figure 4.4: Backscatter probability density function (PDF) for sea state 5, floating
cylinder, horizontal polarization..........c...ceccererreniiinenscsenscsisenecnesisnesnsneneaes 28
Figure 4.5: Backscatter probability density function (PDF) for sea state 5, non-
floating cylinder, horizontal polarization. ...........ccecvniniiinvencnnincneeccnnsnnan. 28

Figure 5.1: Sea surface and scattering configurations for the reciprocity
formulation. (a) Incident and scattered fields with target present. (b)
Incident fields with target absent. (c) Fields of a test source with target
ADSENL. c.vevveerererseererenre oo e sesasner e e e s e s st et b et e sk s b s sesee e s e ases 30
Figure 5.2: Comparison between scattering from 2m vertical plate on flat sea
surface (sea state 0) computed using GFB and hybrid method using
TECIPTOCLY. cuveurererreeeersassasnssnrresssesansnsssssssssnnsansnsnsssssessmssentesessesseseeseenmesesssncens 33
Figure 5.3: Comparison between scattering from 2m vertical plate on rough sea
surface (sea state 3) computed using GFB and hybrid method using
TECIPIOCILY. c.vvvirrerreeesrenreteessasaeennesnsnssensssssssnsenessesesstssessssssnsesensensensesesseeensns 34
Figure 5.4: Comparison between scattering from 2m x Im block on a rough sea
surface (sea state 3) computed using GFB and hybrid method using
TECIPTOCHLY. cveuverreernsrrteesnenirressesn st sresse st sas e asbe st s e bs bbb st s st st ssamesncs 35
Figure 5.5: Comparison between scattering from low observable ship on a rough
sea surface (sea state 3) computed using GFB and hybrid method using
(101 0) (0103 L 2SO 36

vii



List of Tables

Table 2.1: Vertical positions and orientations of the horn antennas for the forward-

SCAttering MEASUTEINENLS. ......vuururirviiirersssnssssssrensesesssesesessssnenssssses e sssensses 5
Table 2.2: Wave heights for sea states 3 and 5 (in meters). Hy3 is the average
significant wave height for each sea stae..................... e s 7

viii




Chapter 1

Introduction

Over the past several years, computer and analytic models have been developed to
simulate and compute the radar cross-section RCS of a target over the rough sea surface
[1-3]. Recently, scattering measurements have been conducted in the NSWC Carderock
Maneuvering and Sea Keeping (MASK) facility. MASK is an indoor wave tank capable
of generating scaled ocean surfaces as a function of sea state. This report describes the
computer simulation of forward and backscattering measurements performed inside the
MASK facility and tries to investigate any differences between the two. Some initial
simulation results from the previous year are reported in [4].

The MASK wave maker creates a rough sea surface for the desired wave spectrum for a
given sea state. The sea state dictates the wave height and wavelength for a given wind
speed. Two kinds of measurements are performed: Forward-scatter and backscatter. In
forward-scatter measurements, a transmitting antenna is used to illuminate the rough sea
surface and a receiving antenna is placed at various heights to measure the sea-scattered
field. For backscatter measurements, a target is suspended over the waves, or placed
floating on the rough sea surface. The experimental setup for both the cases is shown in
Figure 1.1. The measurements encompass a variety of sea states and antenna heights.
Each measurement is performed over a range of frequencies for a significant period of
time to collect enough statistical samples. The results are plotted in the form of a
probability density function (PDF) of the scattered power. The frequencies, wave
spectrum and physical dimensions are 1/ 10™ scale to simulate an L-band radar over a
realistic ocean using an X-band measurement system. The scaling and experimental setup
is discussed in more detail in Chapter 2. Three measurement sets, namely SS000, SS001
and SS002 are provided to validate the computational simulations. These sets are for sea
states 0, 3, and 5, respectively, horizontal polarization, with waves generated by the
“short bank” wave maker.
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Figure 1.1: Experimental set-up for forward and backscatter measurements over a rough
sea surface.

The measurements are simulated using the spectrally accelerated generalized forward-
backward method (SAGFB) [1,7,8,14]. Chapter 3 compares the Monte Carlo
computational predictions with the measurements. Good agreement is found between the
two PDFs along with some differences. Effort is made to investigate into the differences.
Still some differences are found unresolved and are left as future work of this project.
The PDF behavior of forward scatter simulations is also investigated and it is found that
the numeric PDF obtained from statistical data fits perfectly with Rician PDF, at least for
horizontal polarization and low grazing angle cases. This helps better understanding the
scattering mechanism from the rough sea surface and reducing the number of simulations
required to obtain the converged results. At the end, Chapter 3 also presents a few cases
of forward scattering for vertical polarization and long bank waves.

Chapter 4 presents the simulation results for backscatter experiments. In [4] a suspended
rotating plate was simulated. In this report, we present simulations for a floating
Styrofoam cylinder target. These are the first simulations of a target that truly free-floats
on the waves. Previous simulations of floating targets allowed targets to move up and
down with the waves, but not roll. It is found that the floating effect is very significant for
RCS predictions over rough surfaces. It must be noted that free-floating is modeled in




this report and no considerations are made to target weight distribution or
inertial/buoyancy properties. However, in this case, the measurement data has not
provided to date. Therefore, no comparisons are made. It is planned as a future part of the
project.

Chapter 5 discusses a novel approach to decouple the scattering the large sea surface
from that of the target using a reciprocity formulation. Hybrid techniques can then be
applied for efficient computation of each problem. The main advantage of this new
technique is to reduce the computational domain significantly for RCS computations. The
formulation is exact and for 3D targets. However, an approximation is made to find the
surface currents over the target. Initial results are presented for 2D targets and horizontal
polarization. Results for 3D targets and other polarizations are planned as part of the
continuing effort.

1.1 Generalized Forward-Backward Method

The GFB method is used here to obtain most of the numerical solutions. The GFB
method [14] was developed for two-dimensional geometries involving a target on or
above a very long rough surface, as illustrated in Figure 1.2. It is a numerically rigorous
method of moments (MoM) solution that is solved iteratively by taking advantage of the
forward and backward nature of the propagation over a long rough surface. The forward-
backward iteration makes the solution converge only in a few cycles. The GFB is a
generalization of the forward-backward (FB) method [5] or equivalently, the method of
ordered multiple interactions [6], which were developed for single-valued rough surfaces
without a target present. The GFB method isolates the portion of the MoM matrix
associated with the target region and solves it directly within the forward-backward
iteration process. Figure 1.2 shows the matrix decomposition used in the GFB solution.
The efficiency of the GFB method is remarkably improved by adapting the spectral
acceleration approach of [7]. This work is described in [1] and [8].

The only limitation of the GFB method is its restriction to 2D geometries. Also, note that
the infinite sea surface must be artificially truncated to apply the MoM solution. To
reduce the effects of the endpoint truncation, tapered R-card material is attached to both
ends of the sea surface as described in [8]. Comparison with infinite surface reference
solutions shows that this approach provides excellent accuracy. The simulations reported
in this report are obtained with the FB and GFB methods.
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Figure 1.2: Matrix decomposition used in the generalized forward-backward method.
The region 2 matrix is solved directly within the forward-backward iteration process.

1.2 Organization of Report

Chapter 2 describes the experimental setup and parameters used in the NSWC Carderock
MASK facility, as well as descriptions of the hydrodynamics and material modeling used
in the simulations. The plots naming conventions and Monte Carlo statistical processing
is also discussed. Chapter 3 presents the results for forward scattering simulations and
compares them to the measurements for horizontal polarization. Some simulation results
are also presented for vertical polarization and long bank cases. Chapter 4 presents the
simulation results for backscatter from a floating/non-floating cylindrical PEC target.
Chapter 5 describes a new approach to solve the scattering problem by decoupling the sea
scattering from that of the target using reciprocity theorem. Conclusions are discussed in
Chapter 6.




Chapter 2

Experimental Setup

2.1 Forward Scatter Measurements

In the forward scatter measurements, the experimental setup is as shown in Figure 1.1(a).
A transmitting antenna is used to illuminate the sea surface and a receiving antenna is
used to measure the incident plus scattered power from the surface. The horizontal range
from the transmitter to the receiver is 60m. Both antennas are of the same polarization.
The transmitter antenna is fixed at a height of 5.25m with depression angle of —9.9°. The
receiving antenna is placed at three different heights: 0.75m, 1.25m and 1.75m with
depression angle set to —3°.

The transmit (Tx) and receive (Rx) horn antennas are identical corrugated conical horn
antennas with aperture diameter 0.146m and flare angle approximately 25°. The half-
power beamwidth is approximately 20°. The transmitter and receiver position naming
conventions along with their heights and depression angles are given in Table 2.1.

Transmitter Receiver
Position | Height (m) | Dep. angle | Position | Height (m) | Dep. angle
1 A 1.05 -2.0° A 0.75 -3°
2 B 3.14 -6.0° B 1.25 -3°
3 C 5.25 -9.9° C 1.75 -3°

Table 2.1: Vertical positions and orientations of the horn antennas for the forward-
scattering measurements.

The received signal is measured from 8 to 12 GHz for sea state 0, 3 and 5 as generated in
the NSWC Carderock MASK facility. The measurements are designed to simulate the
scattering over rough ocean surface in L-band (0.8 to 1.2 GHz) frequency range. So, the
frequency is scaled up by a factor of 10 and the physical dimensions and wave spectrum
are scaled down by 1/10 in the MASK facility. The water depth is 20 ft.




In the measurements, 128 frequency steps are used for the frequency range 8-12 GHz,
whereas 21 steps are used in the simulations to save computational time. 3000 samples
are collected in the measurements for each horn position, sampled at a rate of 10 Hz for
300 seconds on a time-evolving surface. 500 samples corresponding to 500 randomly
generated rough surfaces are generated in the simulations.

Simulation set SS000 is for sea state 0, i.e., no roughness and is used for reference and
calibration purposes. Simulation set SS001 is for sea state 3 and SS002 for sea state 5.
The relationship between sea state, wave height and wave spectrum is discussed in
Section 2.3.

2.2 Backscatter Measurements

The backscattering experimental set-up is shown in Figure 1.2(b). A transmit/receive
horizontally polarized horn antenna is placed at position B (3.14m high with -6°
depression angle). It illuminates the target at a range of 29.3m over the rough sea surface.
The target in this case is a circular cylinder made out of styrofoam wrapped with
conductive film, 12 inches high and 17 inches in diameter. Sea states 3 and § are
investigated. A rotating plate target has also been simulated, as reported in [4], although a
complete simulation set is awaiting a request for simulation from the sponsor.

Two cases are considered in the simulations: free-floating and non-floating target. A
floating target rolls with the waves and is assumed to have zero inertia. The weight
distribution or buoyancy effects are not modeled. A non-floating target is fixed over the
waves without any rolling. In each case, 512 samples are computed in a Monte Carlo run
using random rough sea surfaces generated by Pierson-Moskowitz spectrum.

2.3 Hydrodynamics

The rough sea surface is generated in the MASK facility with a wave maker that
produces an approximate Pierson-Moskowitz ocean spectrum [9]. The spectrum is
appropriately modified to simulate an ocean surface at 1/10 scale for various sea states.
Figure 2.1 plots the actual measured wave spectra for scaled simulations of sea state 3
and 5. As the figure shows, the spectra have similar characteristics as of Pierson-
Moskowitz i.e., a higher sea state gives rise to larger, longer ocean waves. The measured
spectra are given as a function of the angular frequency @ of the ocean waves, which is

related to wavenumber K by the dispersion relation @ = w/ gK , where g =9.81m/s is the
gravitational acceleration constant at sea level [10].

Table 2.2 gives the sea states as a function of wind speed and wave height of the ocean
surfaces simulated in the measurements, where Hy3 is the average significant wave height
for each sea state [10]. The RMS wave height is approximately one-third of Hj/;. Table
2.2 also states the average scaled RMS wave heights and the actual measured RMS wave




heights. It is seen that the measured wave heights are slightly lower than expected for

each sea state.

Power Spectrum {in"*2)

10

Angular Frequency (rad/s)

Figure 2.1: Experimental sea spectra for 1/10 scale Pierson-Moskowitz ocean

simulations.

Sea state Wind speed | His 1/10 Hy;3 Measured 1/10 RMS
(m/s) RMS

3 6.53 0.87 0.087 0.023 0.029

5 11.59 3.25 0.325 0.074 0.108

Table 2.2: Wave heights for sea states 3 and 5 (in meters). Hy3 is the average significant

wave height for each sea state.

The computer simulations use a pure Pierson-Moskowitz ocean spectrum adjusted to give
the same RMS wave height as the measurements. In the simulations, the ocean surface is
also scaled by a factor 1/10 with respect to the full scale spectrum.

2.4 Material Characterization of Sea Water

The dielectric permittivity € and magnetic permeability p of the sea water are given by




e=(&'-jeNe, - 1 Ze
K= H,

where o =471 x 10”7 h/m and &, = 8.854 x 102 f/m are the permeability and permittivity
of free space, respectively, 6. = 4 mho/m is the conductivity of sea water, and @ is the
radian frequency of the time-harmonic electromagnetic field. At a frequency of 10 GHz
and temperature 25° C, & = (55 — j37) &,, which are the parameters used here in the
computer simulations. While the water in the MASK tank does not have as high salinity
as sea water, it is expected to have a comparable conductivity due to other dissolved
minerals in the water.

The surface integral equation approach used here models the sea surface as an
impenetrable impedance surface with surface impedance given by,

Z, = |Ee 2.2)
&

For such a high dielectric constant and loss tangent, the impenetrable surface impedance
model is very accurate for all angles of incidence in the 8-12 GHz frequency band.

2.5  Statistical Processing

As scattering from a rough sea surface is a probabilistic phenomenon, each forward or
backward scattering case is run for 500 random ocean surfaces. The surfaces are not
time-evolving but generated in Monte Carlo fashion using random seeds. The probability
density function (PDF) of the scattered power as a function of frequency is of interest
here. To generate the PDF from statistical data, the range between the maximum and
minimum scattered power (in dBs) is divided into 50 bins. The numeric PDF is obtained
by computing the probability of each sample occurrence and normalizing the area under
the probability curve such that,

'jx P(x)dx =1 (2.3)

0

where P(x) is the probability of sample x. In Chapter 3, it is shown that the numeric PDF
obtained from forward scattering over rough sea surface is identical to Rician PDF given
as,

o |l77| I'E~|2 +u?
PDF (E]) = 7o~ L,

IEI:‘ J 2.4)

o




where o is the standard deviation and p is the mean of the coherent power. I,(.) is the
modified Bessel function of zero order. Note that this PDF is for the magnitude of the
normalized field |E| so it may be plotted on the same dB scale as the coherent and

incoherent power. It may be shown this PDF becomes Gaussian for |E| ul/o? >>1 case.

A Rician PDF is normally used where the received signal has the form of signal plus
noise [12].

The frequency scale in the plots is divided into 21 linear steps. Convergence tests show
that 500 samples are enough to obtain a good PDF of the statistical data. However, it is
found in Chapter 3 that statistical parameters like mean and standard deviation converge
much faster than a full PDF curve. This finding is of computational importance because
in that case, the PDF for a certain case can be obtained from lesser samples using a
standard known PDF such as Rician with faster-converged mean and standard deviation
of the data.




Chapter 3

}
\ Forward Scattering Simulations
i

The forward scattering experimental set-up is shown in Figure 3.1. A transmitting horn
antenna at a fixed height of 5.25m illuminates the rough sea surface. A receiving horn
antenna measures the forward scattered energy at three different positions 0.75m, 1.25m
and 1.75m. The transmitting and receiving horn antennas are set at depression angles of -
9.9 and -3 degrees respectively. Two different sea states, 3 and 5, are studied while sea
state 0 is used as a reference. The received field normalized to the incident field is
computed in the computer simulations, and is defined by

forward-backward method is used to simulate the forward scatter measurements. 500
samples are computed for each simulation in a Monte Carlo fashion and probability
density function (PDF) is plotted against the frequency range 8-12 GHz.

]\ hern
Rx horn

) Ix depression Rx depresssion
angle angle

T height

Rx height

4

| 60Om

Figure 3.1: Experimental setup for forward scatter measurements over rough sea
surface.

|
|
' - E+E
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where E' and E° are the free-space incident and backscattered fields, respectively. The 2D
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3.1 Simulation Set 000 (SS000)

The simulation setup is the same as experimental setup, shown in Figure 3.2. Sea state 0
i.e., flat surface case, is simulated here. The transmitter is placed at 5.5m with -9.9°
depression angle while the receiver is at three different heights (0.75m, 1.25m, 1.75m)
with —3° depression angle. Both antennas are horizontally polarized and 60m apart.
Figure 3.3 (a) to (c) shows the forward scatter over a flat sea surface computed by the
GFB code and compares it to the analytical solution by finding the incident and reflected
fields via geometrical optics. The sea-reflected field is modified by plane wave reflection
coefficient for sea water given by

Z, cosé' -1

R (0)="t—-——
(@) Z cos@' +1

(3.2)

where Ry is reflection coefficient for horizontal polarization, & is the incidence angle
measured from surface normal and Z; being the surface impedance of sea water.
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\ /
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.

! 60m

Figure 3.2: Experimental setup for forward scatter measurements over flat sea surface.
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Figure 3.3: Comparison of forward scatter from flat sea surface (sea state 0) between GFB
computation and analytical solution (geometrical optics).
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3.2 Simulation Set 001 (SS001)

The basic setup for computation is the same as shown in Figure 3.1. The transmitter is
located at a height of 5.25m with a depression angle of 9.9 degrees. The receiver is
placed at three different heights of 0.75m, 1.25m and 1.75m with a depression angle of —
3 degrees. Both antennas are 60m apart and horizontally polarized. Sea state 3 is used to
compute 500 samples and the statistical data is processed to compute the mean, standard
deviation and numerical probability density function. Figure 3.2 to 3.4 shows the forward
scatter numeric PDF plotted against frequencies 8 — 12 GHz. Sea state 0 (flat surface
case) is also plotted for reference. The PDF plots show the relative spread in the Monte
Carlo data around the mean.
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Figure 3.4: Forward scatter probability density function (PDF) for sea state 3, horizontal
polarization, Tx height = 5.25m, Rx height = 0.75m.
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Figure 3.6: Forward scatter probability density function (PDF) for sea state 3, horizontal

polarization, Tx height = 5.25m, Rx height = 1.75m.
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3.3 Simulation Set 002 (SS002)

The simulation setup is the same as shown in Figure 3.1. A transmitter is located at a
height of 5.25m with depression angle set to —9.9 degrees while the receiver is placed at
0.75m, 1.25m and 1.75m consecutively in Figures 3.7, 3.8 and 3.9, respectively, with
depression angle set to -3 degrees. Both antennas are horizontally polarized and 60m
apart. In this case, sea state 5 is used to compute 500 samples in a Monte Carlo
simulation. The data is processed statistically and numerical probability density function
(PDF) is plotted against frequencies 8 — 12 GHz. The mean gain, mean gain + one
standard deviation ¢ and sea state 0 (flat surface) case are also included for reference.
The PDF plots show that the forward scattering is highly incoherent for sea state 5,
because the interference pattern between the incident and sea scattered fields is no longer
visible as in the sea state 3 results.
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Figure 3.7: Forward scatter probability density function (PDF) for sea state 5, horizontal
polarization, Tx height = 5.25m, Rx height = 0.75m.
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Figure 3.8: Forward scatter probability density function (PDF) for sea state 5, horizontal

polarization, Tx height = 5.25m, Rx height = 1.25m.
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Figure 3.9: Forward scatter probability density function (PDF) for sea state 5, horizontal

polarization, Tx height = 5.25m, Rx height = 1.75m.
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3.4 Comparing Numeric PDF to Rice PDF

Figure 3.10 shows the numeric PDF (green line) for the simulation set 001 case (forward
scattering, sea state 3, Tx =-9. 9 @ 5.25m,Rx= -3° @ 0.75m, horizontal polarization) at
10 GHz for 500 samples. The mean and standard deviation is computed from the numeric
data and used to plot the Rice PDF (blue line). Close agreement is found between the
numeric and Rician PDFs (computed on a magnitude scale and plotted on dB scale).
Similar investigation is done at other frequencies and sea states. It is concluded that the
forward scatter data from rough sea surface exhibits Rician PDF behavior. Figure 3.11
compares the Numeric PDF with the Rice PDF for the same case as above for frequencies
8-12GHz. (It is noted that the PDFs in Figure 3.11 are computed from the magnitude of
the signal, rather than the dB value, so the plots appear slightly different than Figure 3.4.)
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Figure 3.10: Comparison between numeric PDF and Rice PDF for forward scatter
simulation from rough sea surface.
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Figure 3.11: Comparison between numeric PDF and Rice PDF for forward scatter simulation
from rough sea surface.

3.5 Simulations vs. Measurements

The initial simulations sets SS001 and SS002 were submitted to Jerry Smith of NSWC-
Carderock for review. He then responded with a modeling review package with the
processed measured data, as well as his comments on the simulations vs. measurements.
These results are presented here.

Figures 3.12 and 3.13 compare the GFB computed PDFs with the measured ones from
the MASK facility for Simulation Set SS001 (sea state 3) and Simulation Set SS002 (sea
state 5) respectively. The configuration is the same as shown in Figure 3.1. The following
observations are made from comparison.

Overall, a good agreement is found between the measured and computed PDF.
The measured sea state 0 response agrees well with the predicted one (solid blue
line in each of the plots).

e A slight difference in frequencies is found where the interference pattern peaks
and nulls are occurring.

e In the measurements, the mean interference pattern is showing a downward trend
with increase in frequency. In the simulations this downward trend with
increasing frequency is present in some cases, but is less noticeable.

e The computed standard deviation is slightly smaller than the measured one in
some cases.

e The predicted data is more spread out around the mean than the measured. There
is more red and orange around the mean in the measurements.
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Figure 3.12: Comparison between simulation and measurements for Simulation Set SS001
forward scatter simulation from rough sea surface.
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Figure 3.13: Comparison between simulation and measurements for Simulation Set SS002 for
forward scatter simulation from rough sea surface.
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3.6 Hydro Spectrum Comparison

To begin to investigate the differences between the GFB computations and
measurements, the measured hydro spectrum of the water waves is used to generate the
random surfaces in the GFB code instead of the Pierson-Moskowitz spectrum. Figure
3.14 compares the two spectra, and 3.15 compares the GFB computed results. As Figure
3.15 shows, there is very little difference in the PDFs, so the difference in the hydro
spectra does not explain the differences between the computed and measured PDFs.

Pierson-Moskowitz Spectrum Measured Hydro Spectrum
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Figure 3.14: Comparison between Pierson-Moskowitz and measured hydro spectrum.
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Figure 3.15: Comparison between simulation and measurements for forward scatter simulation from

rough sea surface.
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3.7 Vertical Polarization Simulations

The simulation setup is shown in Figure 3.16. Transmitter is located at 5.25m with -9.9°
and receiver at 1.75m with —3° depression angle. The receiver is at a horizontal range of
60m from the transmitter. Both antennas are vertically polarized. Monte Carlo
simulations are performed for sea state 3 and 5 and numerical PDF are plotted against
frequency range 8-12 GHz, shown in Figure 3.17 and 3.18.

Tx horn
——é\-’ Rx horn

) I'x depression Rx depresssion

angle angle

% height _
Ry height

} 60m 1

Figure 3.16: Experimental setup for forward scatter measurements over rough sea
surface.
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Figure 3.17: Forward scatter probability density function (PDF) for sea state 5, vertical

polarization, Tx height = 5.25m, Rx height = 1.75m.
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Figure 3.18: Forward scatter probability density function (PDF) for sea state 5, vertical

polarization, Tx height = 5.25m, Rx height = 1.75m.
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3.8 Long bank simulations

For these simulations, we are using long bank (cross wind) instead of short (down wind),
as shown in Figure 3.19. The water waves are traveling normal to the line of sight
direction between transmitter and receiver. The transmitter is 5.25m high with -9.9°
depression angle and the receiver is located at position C (-3 at 1.75m). The range
between them is the same as before, i.e., 60m. Sea state 5 is used with both horizontally
and vertically polarized antennas. Physical Optics with adaptive sampling technique is
employed to compute 100 samples in a Monte Carlo run. The numeric PDF is shown
against frequency in Figure 3.20 and 3.21.

Tx
-8’ @5.25m

Figure 3.19: Experimental setup for forward scatter measurements over rough sea
surface, long bank.

The forward scattering over long bank waves can give rise to “channeling events” where
the sea scattering is significantly higher than the incident field. This occurs when a trough
passes between the transmit and receive horns in such a way as to focus the reflected
field, much like a parabolic reflector. This phenomenon is described in more detail in
[13].
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Figure 3.20: Forward scatter probability density function (PDF) for sea state 5, long bank,

vertical polarization, Tx height = 5.25m, Rx height = 1.75m.
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Figure 3.21: Forward scatter probability density function (PDF) for sea state 5, long bank,

vertical polarization, Tx height = 5.25m, Rx height = 1.75m.
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Chapter 4

Backscatter Simulations

The backscatter experimental setup is shown in Figure 4.1. A transmit/receive
horizontally polarized horn antenna is placed 3.14m high with -6° depression angle and
illuminates a target at a range of 29.3m over the rough sea surface. The target in this case
is a circular cylinder 12 inches high and 17 inches in diameter. Sea states 3 and 5 are
investigated. Two cases are considered: floating and non-floating target. A floating target
rolls with the waves and is assumed to have zero inertia i.e., free-floating on the water
waves. A non-floating target is placed on the surface but does not roll with the waves,
although it may move up and down with the waves. In each case, 512 samples are
computed in a Monte Carlo run using random rough sea surfaces generated with the
Pierson-Moskowitz spectrum.

Tx/Rx horn

T

Horm depression
TRy height - angle

T~

I I5m {

Figure 4.1: Experimental setup for backscatter measurements from a non-floating target
over rough sea surface

Figures 4.2 and 4.3 show the PDFs of the floating and non-floating cylinder targets,
respectively, for sea state 3, and Figures 4.4 and 4.5 show the same results for sea state 5.
The solid red line in each plot is the sea state 0 (flat surface) result for reference. All of
these results show that the rough surface significantly lowers the mean backscatter with
respect to the flat surface. The comparisons between the floating and non-floating PDFs
show that the floating target has about the same mean as the non-floating target, but a
larger variance as one might expect.
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Figure 4.3: Backscatter probability density function (PDF) for sea state 3, non-floating

cylinder, horizontal polarization.
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Figure 4.4: Backscatter probability density function (PDF) for sea state 5, floating

cylinder, horizontal polarization.
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Figure 4.5: Backscatter probability density function (PDF) for sea state 5, non-floating

cylinder, horizontal polarization.
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Chapter S

Radar Cross Section Computation using Hybrid

Decoupled Approach

5.1 Introduction

The prediction of radar cross-section from a realistically large and complex target like
ship on a rough sea surface is very challenging. Numerical methods such as the
generalized forward-backward method [14] must model the target plus a large portion of
the sea surface. This makes the computational domain extremely large, and becomes
intractable for 3D targets at radar frequencies. As we know, efficient numerical methods
have been well developed to compute the scattering from rough surfaces, such as the
canonical grid method [15], physical optics [16,17], iterative physical optics [18], and the
non-local small slope approximation [19]. Similarly, efficient numerical solutions are
available for complex targets, such as the fast multipole method [20]. In this chapter, we
present the idea of decoupling the problem of a large sea surface from the local target
problem. The formulation is based upon the reciprocity theorem, and was presented
originally in [1].

5.2 Reciprocity Formulation for Backscatter Field

The composite scattering problem is shown in Figure 5.1(a) where an incident field from
a source is illuminating a ship-like target in the presence of a rough sea surface. Here, the
total fields are defined as incident plus scattered fields,

(E,H)=(E,H)+(E,H,) (5.1)

The incident fields are defined as the fields over the sea surface in the absence of the ship
as shown in Figure 5.1(b). The scattered fields (E;, H;) are defined as total fields minus
the incident fields, and are hence the scattering due to the presence of the target on the
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sea surface. The volume of space V' where the fields of interest exist is bounded by the
target surface Sr, the sea surface S, and the surface at infinity Si, above the sea surface.

< ) ) (E.H) = (E;H) + (E; ,Hy)

3
! i
/’%

(a) Composite scattering problem of interest.

~ ) Bk

’
. '
— P

(b) Incident fields without target.

p,
/ )) (E.,H)

1
o /-_’__‘A——\——\' r—

(c) Fields of a test source without target.

Figure 5.1: Sea surface and scattering configurations for the reciprocity formulation. (a)
Incident and scattered fields with target present. (b) Incident fields with target absent.
(c) Fields of a test source with target absent.
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Figure 5.1(c) shows a test case for the application of the reciprocity theorem. An electric
point dipole test source dp, is placed at any point P, where the scattered field is to be
computed. (For backscatter, the test source would be placed at the same location as the
original source.) Fields generated by this test source in the presence of the sea surface but in
the absence of the target are defined as test fields (£, H,). We apply reciprocity to the test
fields and scattered fields over the entire volume V, resulting in the reaction integral

(E,xH,-E,xH,)-# dS (5.2)

dﬁ' ) E" (P;) = L,,, +S, 457
where # points into V. Since the test fields and scattered fields satisfy the same boundary
conditions on S, and S, the reaction integral will vanish there yielding the integration over
the target surface St only,

dp,-E,(P)= L(Esxﬁ,—f‘,xﬁs)-ﬁ ds (5.3)

The above equation is an important result for computational purposes for what it states that
the scattered field at a point P, can be found by finding the incident and scattered fields over
the target surface only. This reduces the computational domain significantly from the whole
sea surface to target surface only. The scattering from the target can be found in a simple 3-
step, semi-decoupled procedure:

1. Find the incident fields (E; H;) and the test fields (E, H;) over St with the target
absent. (These are the same fields for the case of backscatter.)

2. Find the scattered fields (E;, H;) over St using the incident fields (E;, H;) as excitation.

3. Find the scattered electric field at the point P; using Eq. (5.3).

This procedure is semi-decoupled because the scattered fields in step 2 are found in the
presence of the rough surface. However, only the local rough surface is needed and not the
entire sea surface S, Furthermore, if a first-order method such as physical optics (PO) or
the physical theory of diffraction (PTD) is used to compute (E;,Hy) then the higher order
interactions with the rough surface may be ignored to a good approximation.

Eq. (5.3) may be simplified for a source and receiver at infinity, i.e., for plane wave
incidence and far-zone scattering. Replacing the test source with a unit amplitude electric
point dipole p placed at infinity, the reciprocity equation then becomes,

p-E,(R)=lim- )-# dS (5.5

where r is the far-zone distance. The expression in (5.5) is an exact formulation for the
scattering from a 3-D target derived from Maxwell’s equation and boundary conditions on
sea surface and at infinity. This equation can be used directly for backscatter and bistatic
RCS computations.
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5.3 Backscatter RCS of a 2D PEC Target

For a perfect electrically conducting (PEC) target, the equivalent electric surface current is
defined as

J =haxH (5.6)

s

where H is the total magnetic field. Enforcing the PEC boundary condition on Sr, the
integrand of equation (5.5) reduces to,

(E,xH,—E,xH)) A=[(E -
=-E,
=E, -

xH =B x(H - )] i

Il t”l

(5.7

klx

For Backscattering, (E,H,) = (E,H;). Also, using a 2D line current (or line dipole current) as
a test source in place of a 3D dipole, the expression in equation (5.5) can be simplified as

p-E(P)=lim-Z, /" E (5.8)

The problem is to find the equivalent surface currents on the target surface in the presence of
the sea surface where the Green’s function for the sea surface is unknown. The backscatter
2D RCS is defined as,

RCS,, =lim2a|E, (F) (5.9)

Using the expression in equation (5.8), it can be given as,

k22

RCS,, = (5.10)

5.4 Numerical Results

To compute the monostatic RCS of a 2D target from equation (5.10), two quantities need to
be found:

1. Incident fields in the presence of rough surface but in the absence of the target itself.
This quantity can be found exactly by applying integral equation (IE) methods such
as the method of moment (MM) with an efficient numerical solver. In this case, we
are using the forward-backward (FB) method with spectral acceleration [7].
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2. Equivalent surface current J;, which depends upon the total field, defined by equation
(5.6). This quantity is unknown, as the total fields are unknown. However, a good
approximation can be made. Here we are approximating the equivalent currents on
the surface of the target using physical optics (PO) as,

J = 2nx H, lit region 5.11)
0 shadow region

Following are plots of monostatic RCS vs. incidence (elevation) angle for different targets
over a random rough sea surface. The generalized forward-backward (GFB) method is used
as a reference solution, and is compared with the hybrid forward-backward method/physical
optics (FB/PO) technique.

Figure 5.2 shows the RCS patterns of a vertical flat plate on a flat sea surface. The flat plate
forms a corner reflector with the sea surface, so the RCS pattern is expected to be very high
for most incidence angles. The GFB and hybrid FB/PO reciprocity results are shown on this
plot, along with a reference solution found using the Green’s function for an infinite flat
surface. The results are in good agreement. At low grazing angles, some differences can be
seen due to the finite length of the sea surface used in the GFB and FB/PO computations.
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Figure 5.2: Backscatter from a 2m vertical plate on flat sea surface (sea state 0) computed
using GFB and hybrid method using reciprocity. Frequency is 1 GHz, horizontal
polarization.
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Figure 5.3 shows the RCS patterns of a vertical flat plate on a rough sea surface at sea state 3.
The agreement between the GFB reference solution and the hybrid reciprocity approach is
very good. In these results the total field is plotted, rather than just the target scattered field,
so the RCS becomes dominated by the surface scattering as the incidence angle approaches
90 degrees. At low grazing angles the RCS is dominated by the plate and plate-surface

interaction.
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Figure 5.3: Backscatter from a 2m vertical plate on rough sea surface (sea state 3) computed
using GFB and hybrid method using reciprocity. Frequency is 1 GHz, horizontal

polarization.
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Figure 5.4 shows the RCS patterns of a floating block target. Again, the total scattering is
plotted so the surface scattering dominates at high angles of incidence. These patterns are
under-sampled, so they appear less smooth.
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Figure 5.4: Backscatter from a 2m x 1m block on a rough sea surface (sea state 3) computed
using GFB and hybrid method using reciprocity. Frequency is 1 GHz, horizontal
polarization.
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’ Figure 5.5 shows the RCS patterns of a low-observable target on a rough surface. The total
scattering is plotted. The agreement between the GFB reference solution and the hybrid

l FB/PO/reciprocity solution is very good. The peak at 20 degrees is where the incident field is

broadside to the slanted side of the target.
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Figure 5.5: Backscatter from a low-observable target on a rough sea surface (sea state 3)
computed using GFB and hybrid method using reciprocity. Frequency is 1 GHz, horizontal
polarization. Target is 9m high and 20m across at the base, with 20 degree angled sides.

36




Chapter 6 Conclusions

The comparisons of the numerical simulations with the measured data from simulation sets
SS001 and SS002 of Chapter 3 are generally very good. This validates the accuracy of the
GFB code. Some discrepancies were observed, such as the pronounced downward trend of
the mean forward scattering with frequency in the measurements. A simulation was run using
the measured sea spectrum to rule out the possibility that the discrepancies are caused by
using the Pierson-Moskowitz spectrum in the GFB code. It was found that the spectrum was
not the cause. Most likely the discrepancies are due to the 2D model. It is known that the
incoherent scattering from a rough surface is proportional to the spot size illuminated by the
incident radar beam. This spot size varies with frequency due to the frequency dependence of
the horn pattern. The 2D model should accurately include the length variation of the spot
size, but not the width variation in the third dimension. The width of the spot is expected to
decrease with frequency, and hence, the incoherent scattering should also decrease. This
would explain the more pronounced downward trend observed in the measurements. Re-
simulations of sets SS001 and SS002 will attempt to include the width variation of the spot
size.

The backscatter simulations of floating and non-floating targets in Chapter 4 yielded insight
into the RCS variations that one would expect when a floating target rolls on a sea surface.
The RCS of a free-floating target is observed to have about the same mean, but much larger
variation compared with a floating target that does not roll with the waves. To the authors’
knowledge, this is the first time that the scattering from a free-floating target on the sea has
been rigorously modeled.

Chapter 5 presented the first results of a decoupled approach to computing the scattering
from targets on a rough surface. This hybrid decomposition combined the forward-backward
method for the sea surface with physical optics for the target, using a reciprocity formulation
to compute the composite scattering. Good agreement is found between this new approach
and the GFB reference solution. In the future, more accurate techniques will be applied to the
target region, such as the physical theory of diffraction (PTD), unified theory of diffraction
(UTD) or the fast multipole method (FMM). The method will also be extended to 3D using
3D rough surface scattering predictions such as the sparse matrix canonical grid method and
the non-local small slope approximation.
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